Lutz TA, Bueter M. The physiology underlying Roux-en-Y gastric bypass: a status report. Am J Physiol Regul Integr Comp Physiol 307: R1275-R1291, 2014. First published September 24, 2014 doi:10.1152/ajpregu.00185.2014.-Obesity and its related comorbidities can be detrimental for the affected individual and challenge public health systems worldwide. Currently, the only available treatment options leading to clinically significant and maintained body weight loss and reduction in obesity-related morbidity and mortality are based on surgical interventions. This review will focus on two main clinical effects of Roux-en-Y gastric bypass (RYGB), namely body weight loss and change in eating behavior. Animal experiments designed to understand the underlying physiological mechanisms of these post-gastric bypass effects will be discussed. Where appropriate, reference will also be made to vertical sleeve gastrectomy. While caloric malabsorption and mechanical restriction seem not to be major factors in this respect, alterations in gut hormone levels are invariably found after RYGB. However, their causal role in RYGB effects on eating and body weight has recently been challenged. Other potential factors contributing to the RYGB effects include increased bile acid concentrations and an altered composition of gut microbiota. RYGB is further associated with remarkable changes in preference for different dietary components, such as a decrease in the preference for high fat or sugar. It needs to be noted, however, that in many cases, the question about the necessity of these alterations for the success of bariatric surgery procedures remains unanswered.
Roux-en-Y gastric bypass; vertical sleeve gastrectomy; gut hormones; restriction; malabsorption; energy expenditure THE OBESITY EPIDEMIC AND ITS related comorbidities constitute a major challenge for both personal health and public health systems worldwide. The enormous increase in knowledge about the physiological mechanisms that control eating and body weight contrasts with the lack of available pharmacological therapies leading to safe, efficient, and long-lasting body weight reductions and amelioration of obesity-related comorbidities. However, recent insights into underlying mechanisms of obesity and bariatric surgery have led to promising perspectives in respect to gut hormone-based strategies against obesity. Nevertheless, best results for maintained weight reduction and improvement of comorbidities are still achieved by surgical means (22, 88, 121, 135, 136) . This review aims to summarize key findings in respect to underlying physiological mechanisms of the Roux-en-Y gastric bypass (RYGB) procedure, which is the most commonly performed bariatric operation worldwide and thus, by many is considered as the gold standard in bariatric surgery. Sporadic reference will also be made to vertical sleeve gastrectomy (VSG) when appropriate. Both operations reduce eating at least temporarily (19, 140, 143) and lead to changes in food preferences (20, 27, 72) . The majority of data collected with the help of preclinical studies seems to be consistent with findings in humans. However, changes in energy expenditure after RYGB seem to be less consistent in humans compared with most animal models, but this may be related to the much larger heterogeneity of study populations in humans compared with laboratory animals (23, 31, 145, 146, 152) .
Research with animal models helped to elucidate some of the physiological mechanisms that potentially underlie the treatment success of bariatric surgery. Further, animal experiments allow the assessment of unbiased data that are e.g., independent of nutritional counseling in RYGB patients or other medical advice. Such "independent" measures may be particularly relevant in experiments testing the preference for specific types of food; please see Taste and Food Preferences. Eventually, animal studies may allow the definition of the processes underlying the effects of bariatric surgery and may, therefore, help to develop less invasive treatments than surgery itself.
We realize that the magnitude of some effects induced by RYGB or VSG differs among the different studies. It is surprising, however, that qualitatively, the majority of effects that we describe here seem to be very robust and can be observed irrespective of slight differences in the surgical approach, the laboratory where the studies have been performed, the feeding history of the animals before or after surgery, the duration of presurgical obesity, the animals' weight and adiposity level at the time of surgery, the duration between surgery and metabolic testing, and other factors that may potentially affect the outcome of the study. Hence, because of space limitations, exact details of the experimental designs of the studies cited in this review will be given only when needed.
Current research often focuses on altered concentrations of gut hormones like glucagon-like peptide-1 (GLP-1) or peptide YY (PYY) and metabolites (e.g., bile acids) that are known to affect eating and to modulate nutrient metabolism (6, 16, 17, 29, 41, 66, 67, 70, 73, 114, 133) . It needs to be pointed out, however, that association and causality must not be confounded because measurable changes in circulating parameters after bariatric surgery do not necessarily play a causal role for the observed effects of bariatric surgery; hence, it is not yet clear whether these changes alone or in combination are necessary or sufficient for reduced eating or body weight. levels, as well as behavioral modifications after bariatric surgery.
It is, thus, the aim of this review to present an overview over selected topics with available data on the underlying mechanisms of bariatric surgery (Fig. 2) . The main focus will be on the two main clinical effects of Roux-en-Y gastric bypass (RYGB), namely body weight loss and change in eating behavior.
Clinical Effect 1: Body Weight Loss
The obesity epidemic and its related comorbidities constitute a major challenge for both personal health and public health systems worldwide. To date, bariatric surgery and, in particular, the RYGB procedure, which is the most commonly performed bariatric operation worldwide, is the best available therapy for the treatment of obesity and humans and its major comorbidities. Similar to the clinical findings in RYGB patients, RYGB-operated rats or mice are also characterized by a rapid and marked decrease in body weight compared with sham-operated animals (15, 155) . Weight loss may result in a decrease of about 20% below the presurgical level within 10 -14 days after the intervention. Body weight then plateaus at a relatively constant level, but it has also been reported to start to increase again, perhaps depending on specific characteristics of the surgery (15, 24) . However, if weight regain occurs irrespective of the performed bariatric procedure, it appears to be typically slow and does not reach the body weight of respective control animals (24) .
Body weight loss after RYGB compared with sham-operated controls can be explained by reduced eating, increased energy expenditure, reduced availability of nutrients for the intermediary metabolism (e.g., caloric malabsorption), and consequently by an altered metabolic efficiency or by a combination of all these factors. The general consensus is that reduced eating and increased energy expenditure may play a much greater role after RYGB surgery than originally thought. This is based on the observation, that in many rat RYGB models, sham-operated rats pair-fed to RYGB rats have a greater body weight than ad libitum-fed RYGB rats; typically, more severe food restriction is required for sham-operated rats to have a body weight trajectory comparable to RYGB rats (body weight-matched rats; BWm). This indicates that energy expenditure may increase after RYGB because caloric malabsorption appears to be only of little importance at least when animals are fed a typical rat diet, which is relatively low in fat content (15, 19, 132, 143) .
The decrease in body weight after RYGB is largely due to a decrease in body fat mass; lean body mass is often also reduced but proportionally less (19, 103, 158) . Severe food restriction in sham-operated BWm control rats also reduces body adiposity, and general body composition, as well as body fat distribution, seems to be similar in BWm and RYGB rats and approaches that of lean control animals on a low-fat diet (19, 158) . Hence, at least in rodents at the whole body level, RYGB-induced changes in body composition seem to reflect to a large degree directly the result of caloric restriction.
Systematic studies are scarce, but several reports indicate that the weight or composition of individual organs may also change after RYGB. Total liver weight may be unchanged, but liver fat content typically decreases after RYGB (56, 57) . The reduction in hepatic steatosis after RYGB may be related to changes in key signaling pathways that control hepatic lipogenesis and fatty acid oxidation (106) , as well as to changes in the mitochondrial function in hepatocytes (105) . Specific changes in the skeletal system indicate a marked decrease in bone mineralization and bone weight with potentially negative consequences on bone stability; the underlying mechanisms will be discussed later in this review (1, 142) . It is important to note that not all organs regress but that some organs in fact increase in size or weight after RYGB surgery. The best studied example is the gastrointestinal tract and, in particular, the small intestine where specific segments show a marked hypertrophic reaction after RYGB surgery (19, 53, 71, 95) ; the latter may potentially be linked to altered metabolic pathways in the intestinal epithelium (116, 148) and also to the increase in total energy expenditure.
Energy Expenditure
The human literature is not entirely consistent in respect to RYGB-induced changes in overall energy expenditure (23, 31, 32, 42, 152, 153) . A recent review indicated that total energy expenditure in humans often decreases due to the decrease in fat-free and fat mass but that diet-induced thermogenesis is often increased (please see also below) (145) . Nonetheless, some studies in humans report an increase in total energy expenditure, similar to the data in rodents. Discrepant findings may in some cases be explained by the fact that energy expenditure was often measured only over short periods of time and then extrapolated to a 24-h period; hence, true RYGB effects may have been overlooked. Further, necessary control groups were not always included in the studies.
Compared to the clinical studies, data in rats and mice are much more consistent. RYGB reduces spontaneous food intake and eventually lowers body weight. However, in most rat RYGB models, lower caloric intake is only one mechanism leading to body weight loss. Pair feeding of sham-operated rats to the level of the ad libitum intake in RYGB rats reduces body weight much less compared with the RYGB procedure. Hence, to reduce body weight in sham-operated rats to a similar level of RYGB rats requires more severe food restriction. Consequently, altered energy expenditure after RYGB seems to contribute, at least in part, to this phenomenon (19, 70, 133) . It needs to be mentioned that pair-feeding typically imposes a very nonphysiological pattern of eating because in most studies, pair-fed rats may receive their daily allocated amount of food at once; this feeding pattern may have independent effects on energy expenditure.
Nonetheless, body weight reduction by dieting usually leads to an adaptive physiological response to reduce energy expenditure; this response helps the body to minimize the potential negative effects of long-term energy restriction in a state of negative energy balance ("starvation response") (128) . RYGB seems to prevent or at least reduce this adaptive response, i.e., body weight loss in RYGB rats is not associated with the same decrease in energy expenditure that parallels weight loss by food restriction (19, 143, 152) . The phenomenon is reminiscent of findings showing that the central infusion of leptin (which may mimic a higher fat content in the periphery) prevents the decrease in energy expenditure subsequent to reduced eating (50); however, leptin's causal role for energy expenditure control after RYGB remains unclear. One possible mechanism may involve a lowering of the leptin "set point" at which a certain concentration of plasma leptin may be perceived by the hypothalamus as a state of energy insufficiency (43) . Then lower leptin levels would not be perceived as a state of energy insufficiency after RYGB, and, consequently, compensatory mechanisms, including an increased food intake or decreased energy expenditure may not be triggered. However, it is unclear whether leptin signaling is altered, but an increased leptin receptor expression in the rat hypothalamus after RYGB (48) or a higher affinity of these receptors may play a role (43) . Nonetheless, the necessity of altered leptin signaling for RYGB to exert its effects is questionable because various studies have shown that RYGB reduces body weight in a number of leptin-deficient rat models (85, 124, 129) .
A number of studies were published in recent years addressing the correct analysis of energy expenditure data in animals of markedly differing body weight and body adiposity (98) . In the case of RYGB rats, when energy expenditure determined by indirect calorimetry is corrected for body weight, energy expenditure is usually higher in RYGB rats than in shamoperated ad libitum-fed and weight-matched controls (19) . However, when calculating total energy expenditure uncorrected for body weight, energy expenditure is not consistently increased after RYGB (2) . It is important to note, however, that the comparison to the weight-matched controls is always positive. In some, but not all, studies, the change in energy expenditure was paralleled by a lower respiratory quotient, indicating that fat oxidation is increased over carbohydrate oxidation (19, 40, 132) . However, the latter may have been rather related to body weight loss than representing a specific surgical effect as body weight-matched sham-operated controls show a similar response.
RYGB and VSG have often been claimed to produce very similar changes in metabolism. In respect to energy expenditure, the available literature indicates, however, that while part of RYGB's effect on body weight is due to increased energy expenditure or a lack of decreased energy expenditure after weight loss, this may not be an important factor in the body weight loss induced by VSG (117, 140) . In most studies, the body weight loss of pair-fed animals was comparable to VSG rats. Further, many studies also report at least some regain of body weight after VSG in rats or mice, which may be explained by the different role of altered energy expenditure after RYGB vs. VSG, respectively.
At present, mechanisms underlying altered energy expenditure after RYGB remain unclear. As RYGB increases postprandial levels of GLP-1, which has been previously implicated in the control of energy expenditure, we recently tested whether acute modulation of the GLP-1 system influences the RYGB-induced changes in energy expenditure. We found, however, that neither acute stimulation nor blockade of GLP-1 receptors with exendin-4 or exendin-9, respectively, alters energy expenditure in any group. In other words, energy expenditure was higher after RGYB than sham operation, but remained unaltered by the manipulation of the GLP-1 system (2). Similar observations were also recently reported using a GLP-1 receptor-deficient model. However, it needs to be mentioned that the baseline effect of RYGB on energy expenditure was minor in this model (155) .
From a whole body standpoint, it seems that neither increased spontaneous physical activity nor a general increase in body temperature can explain these findings as core body temperature was rather lower after RYGB (but also in weightmatched controls). However, heat dissipation was not assessed separately (19) . While VSG may lead to a slight increase in locomotor activity, RYGB in rodents has been shown to enhance nonactivity based, i.e., resting energy expenditure (117) . Similarly, we observed that energy expenditure in RYGB rats was particularly increased during the light phase (19) , which approximates resting energy expenditure more than during the dark phase when rats are more active. We also found that RYGB rats showed a slightly higher core temperature during the light phase compared with weight-matched sham-operated controls, which might, in part, have been due to increased food consumption and, hence, differences in dietinduced thermogenesis. In fact, diet-induced thermogenesis in response to a 5-g test meal was higher after RYGB than in body weight-matched control animals (19) . According to our own unpublished data, this effect may be more pronounced in rats fed a high-fat diet, which may contribute to the reversal of diet-induced obesity after RYGB. Considering the fact that RYGB rats increase their meal frequency compared with shamoperated or weight-matched rats (19, 132) , the overall contribution of diet-induced thermogenesis may actually be higher in RYGB rats. Similar studies in respect to the role of postprandial energy expenditure after RYGB have recently been reported in a number of studies in human RYGB patients; postprandial energy expenditure was elevated compared with weight-matched control groups or compared with patients receiving vertical banded gastroplasty (40, 152, 153) .
In a recent study, brown adipose tissue activity (BAT) remained unaltered after RYGB, which is consistent with the lack of increased core body temperature (52) . Further, we recently observed that the temperature measured directly in BAT did not differ between RYGB and sham rats, and that ␤-3 agonist-induced increases in BAT temperature were similar (unpublished results). Other organ-specific factors that may contribute to increased energy expenditure after RYGB-like altered energy efficiency of skeletal muscle have not been tested so far. In a recent pilot study, we found that mitochondrial respiration in the liver of RYGB rats was increased, but the number of mitochondria decreased; hence, the influence on energy metabolism in the liver remains unclear.
We postulate that the increase in total energy expenditure in RYGB rats may be explained, at least in part, by a higher energy requirement of the massively hypertrophied small intestine (see also below; Refs. 19, 53, 95) . The hypertrophy should probably be seen as an adaptive measure that helps to maintain an almost unaltered availability of ingested nutrients, despite the fact that nutrients and major digestive juices from the liver and pancreas only mix rather distally in the small intestine, i.e., at the junction of the Roux and biliopancreatic limbs into the common channel (Fig. 1) . The entire small bowel increased its total weight by ϳ75% after RYGB. Small intestinal oxygen consumption has been estimated to make up for about 20% of total oxygen consumption (44) , indicating that gut hypertrophy may at least partly explain the higher energy requirement that, ultimately, may contribute to maintenance of body weight loss. In a seminal paper, Saeidi and colleagues have recently shown that energy metabolism in the gastrointestinal tract is reprogrammed in a way that the gastrointestinal tract becomes a major organ of glucose utilization, which possibly helps to secure its increased metabolic needs (116) .
Clinical Effect 2: Change of Eating Behavior
Role of mechanical restriction. It is a well-known fact that eating decreases after RYGB, although the underlying mechanisms remain unclear. Do patients or animals after RYGB eat less because the amount of food that can be eaten is limited by the size of the gastric pouch leading to mechanical restraint? Or do they eat less because they actively chose to eat less due to reduced hunger, earlier satiation, or prolonged satiety? Further, do RYGB patients or rats change their preference for certain types of food components, such as sucrose or fat, because they experience changes in taste perceptions (e.g., such as a decreased detection thresholds) or because fat and sugar ingestion causes discomfort, such as visceral malaise? Answers to these questions may be complex and various factors may, in fact, combine.
Human studies convincingly suggest that one major factor contributing to reduced overall eating is that RYGB patients are in fact less hungry before they initiate eating and that a meal of a given size leads to more satiation than in respective control patients (13) . The similarities in meal patterns between humans and rats after RYGB suggest that physiological mechanisms of meal controls may dominate over psychosocial factors (including food counseling) and ultimately contribute to the reduction in eating.
In other words, the reduction in eating seems to be a controlled process; depending on the test paradigm applied, RYGB rats may, in fact, show increased "wanting," which is an indicator of food-seeking behavior (131) , despite the reduction in caloric intake once eating is initiated. Further, RYGB rats seem to initiate more licking behavior to sweet or fat stimuli in brief access tests (83) . Together, these results indicate that reduced eating after RYGB seems to be a voluntary process that is not guided by an inability or unwillingness to approach food or to ingest but that may be related to (enhanced) mechanisms of satiation, i.e., once food ingestion has started. Accordingly, studies in humans have shown that premeal hunger is not higher and postmeal satiation is not lower after RYGB despite an overall lower food intake (73) .
RYGB leads to a significant reduction in eating compared with ad libitum-fed sham-operated rats. The main reduction in overall eating in RYGB rats is due to a reduction in dark phase intake and a slight increase in light phase intake (19) . Typical changes in meal pattern in rodent models of RYGB and in RYGB patients consist in the ingestion of smaller but more frequent meals that are consumed at slower eating rates, in rats at least during the dark phase (69, 158) . An interesting observation is that the (more frequent) dark-phase meals are smaller in RYGB rats but that the (less frequent) light phase meals may actually be larger compared with sham-operated control rats. Consequently, RYGB rats consume meals of similar sizes during the dark and light phase compared with the large dark phase and small light phase meals in shamoperated controls (79) .
The exact reasons for altered feeding patterns are unknown, but the idea that RYGB decreases eating due to mechanical restraint can probably be rejected. There exists basically no evidence in the available literature that this factor may play an important role. In contrast, the small gastric pouch does not seem to represent a major mechanical obstacle, as food transit is very rapid postoperatively. Most [but not all (144) ] studies have shown that ingested food is rapidly drained into the small intestine, indicating that the gastric pouch has no storage capacity; this seems to be true for humans, rats, and mice (26, 35, 125) .
There is a list of several other points that further argue against a major impact of mechanical factors causing an altered eating behavior after RYGB surgery. First, systematic studies do not indicate a correlation between the size of the gastrojejunal anastomosis and weight loss in RYGB rats (18) . Second, rats do not increase prandial drinking which might suggest an attempt to overcome mechanical constraint through food dilution with water. Third, ad libitum intake in rats or human RYGB patients can be increased markedly by somatostatin analogs, which block the release of (satiating) gastrointestinal hormones but which do not alter the mechanical situation post-RYGB (41, 73) . Fourth, RYGB has repeatedly been shown to cause a shift in eating so that intake of high-fat intake is decreased and intake of low-fat food is increased. Hence, even though RYGB rats still ingest a significant part of their overall caloric intake in the form of high-fat food, the animals choose to ingest less calorically dense food than before surgery (e.g., 20, 49, 72, 131, 158) rather than trying to overcome volume restriction in such way. Fifth, RYGB rats treated with the antagonist of the melanocortin 3/4 receptor SHU9119 were able to ingest twice the amount of food than RYGB control animals (94) . Finally, RYGB rats seem to be able to ingest very large amounts of food if metabolically required. Temporary restriction of food access in weight-stable RYGB rats creates a negative energy balance that is immediately compensated by overeating large amounts of food once the restricted access to food is terminated (79) . Consistent with our own observations, temporary restriction of food access also lowers body weight in VSG and control rats below their respective "set point"; however, all rats, including the VSG rats, overeat to compensate for the food restriction as soon as the animals are allowed to feed freely (140) . Further, pregnant and lactating VSG rats are able to markedly increase the ingested amounts of food similar to control animals if the metabolic needs are present (47) . Hence, overall, most findings argue against an important role of mechanical constraint as a major factor of reduced eating and altered meal patterns after RYGB or VSG, and they argue against a fixed "ceiling" effect for food intake after RYGB.
Taste and Food Preferences
RYGB seems to be associated with some interesting changes in eating behavior in respect to food preferences (please see Ref. 84 for a comprehensive review). RYGB patients often seem to decrease their preference for calorically dense food items, such as desserts and fast foods (103, 107) , while reporting an increased preference for fruits and vegetables. This may perhaps be related to changes in detection thresholds postoperatively, e.g., for sucrose. It is important to mention that it is not entirely clear whether such changes in eating behavior are a prerequisite for the overall reduction in caloric intake after RYGB. Not least as the effect size of some preference changes reported in RYGB patients seem to be only modest and a transient phenomenon (84) .
More robust data have been obtained from well-controlled studies in rat RYGB models. Data with a two-choice test paradigm between high-fat or low-fat diets are very consistent across laboratories. When given the choice, the postoperative intake of high-fat food decreases markedly compared with sham-operated and body weight-matched animals; relative, and in some cases, also absolute intake of low-fat food (usually standard rat chow) increased (20, 27, 49, 72, 117, 158) .
Further, testing RYGB rats with liquid solutions containing increasing concentrations of fat (Intralipid) or sugar (sucrose, fructose) vs. water (two-bottle tests) also indicated that the typical strong preference for higher concentrations of fat or sugar that is observed in sham-operated and intact rats seems to be gone after RYGB (20, 49, 72, 158) . Moreover, RYGB compensated for the amount of calories ingested via the test solutions, and this was not observed in sham-operated rats; in other words, RYGB rats maintained a constant caloric intake across increasing concentrations of fat solution, while shamoperated rats increased their overall caloric intake along with the higher-fat concentrations offered (72) . Overall, these studies indicated that solutions with high-calorie content were preferred less after RYGB surgery. Importantly, such preference shifts between RYGB and sham animals were not seen when rats were tested for the preference of noncaloric stimuli, such as salty, sour, or bitter solutions (20) .
Two-bottle intake tests do not allow a distinction between oral, preabsorptive, or postabsorptive mechanisms to explain the decrease in fat and sugar preference in RYGB rats. A frequently used technique that yields information mainly in respect to the oral detection of ingested fluids is the so-called brief access test; this technique allows distinguishing oral from post-oral effects. Animals are offered a battery of bottles that contain different concentrations of the test solutions vs. water; the bottles are only presented for short time intervals during which the animals are allowed to lick from one spout at a time, but the ingested volume and, hence, postoral effects are small. The number of approaches to the bottles can be taken as a parameter of how much the animal wants to ingest the respective stimulus ("appetitive behavior"), the licking rate during presentation of a specific bottle is a parameter of how much the animal likes to ingest that stimulus ("consumatory behavior") (137, 138) .
Various papers have been published using this technique, but the results have not been as uniform as with the preference tests for different types of solid diets (49, 83, 131) . Shin and colleagues (131) reported an increase in the relative preference for low-concentrated sucrose or fat solutions and a decrease at higher concentrations compared with high-fat fed obese rats. Similarly, Hajnal et al. (49) also reported an increase in the relative preference for low-concentrated sucrose, but this was only observed in obese, but not in relatively lean, RYGB rats. Hence, RYGB rats liked the low concentrations of sucrose and fat more than sham-operated rats, at least under some conditions. In our own studies, however, we found no decrease in the concentration-dependent licking response to sucrose in chowfed RYGB rats; to our surprise, RYGB rats actually approached the drinking spouts more often than sham rats, indicating an increased appetitive behavior (83) . The reasons for the partly discrepant results across studies is not entirely clear, but may depend on the exact test paradigm, prior experience of the animals with the taste stimulus, the obesity state of the animals, their feeding paradigm and diet, and perhaps differences in the surgical technique, such as size of the gastric pouch.
Nonetheless, it seems clear that during brief access tests, RYGB does not uniformly lead to a shift toward consumption of lower-concentrated sucrose solutions (indicating increased liking of lower and decreased liking of higher concentrations) and, hence, the rats' taste-guided responses to sucrose may not always decrease after RYGB. Nonetheless, RYGB rats seem to be more sensitive to detect sucrose because the lowest sucrose concentration that triggered a significant response and the concentration that triggered the maximal response, respectively, in taste-sensitive neurons of the parabrachial nucleus were lower in RYGB than in control rats (49) . The underlying physiology at the cellular level (e.g., taste receptors in taste buds, centrally processing neurons) has not yet been defined. Nonetheless, these findings are consistent with studies in humans that indicate that the detection threshold for sucrose seems to be shifted to lower concentrations when comparing postoperative to preoperative individuals (20) and that the preferred sucrose concentration decreased after RYGB (107) . Whether the latter effects are unconditioned or conditioned responses remains to be studied.
Role of Conditioned Taste Aversion in Reduced Fat Preference
Conditioned taste aversion may at least partly contribute to the reduction in fat preference after RYGB, and this aversive response may then lead to a progressive avoidance of the intake of large amounts of fat through a learning process. In humans, these physiological processes may be enhanced or even triggered by nutritional counseling; for this reason, experiments in animal models may produce clearer results.
Hence, we and others recently investigated one possible mechanism for reduced fat preference after RYGB (72) . We hypothesized that if RYGB reduced eating and, in particular, high-fat intake because of the induction of visceral malaise, animals might progressively reduce their fat intake by learning that lower fat intake helps them to avoid symptoms of visceral illness. This would be consistent with the observation in a number of studies using RYGB rats that the lower-fat preference after the RYGB intervention progresses over time (72, 131, 158) . Indeed, it was found that administration of an amount of fat comparable to that of a single high-fat meal produced a conditioned taste aversion response in RYGB rats (72) .
The mechanisms of the fat-induced aversion after RYGB remain unknown. It has been speculated that elevated GLP-1 and PYY levels may contribute to this response because both hormones activate neurons in the brain stem areas that mediate aversive responses (51, 64) , and both hormones can induce aversions at least at higher doses (51, 64) . However, a causal role of GLP-1 or PYY in the fat aversion after RYGB has not been formally tested.
Changes in Food Reward After RYGB
Aversion and reward are the two sides of a coin in the same category of taste processing. In other words, while aversions discourage an individual from ingesting specific nutrients or tastes, reward promotes this behavior. Of course, increased aversion and decreased reward (or vice versa) may not be mutually exclusive. Dopamine signaling is intimately involved in mediating reward-related behaviors, and some of the major brain regions involved in reward processing are the mesolimbic areas, including the striatum, ventral tegmental area, and the nucleus accumbens (8) .
A number of studies that used functional magnetic resonance imaging investigated reward-related behaviors in RYGB patients. In these studies, bypass patients were tested for changes in brain activities when being presented with different pictures of eating or noneating-related cues. Brain activation was reduced after surgery in the brain reward areas, and this was typically more pronounced when food items with a high caloric density were presented (99 -101, 122) . Further, RYGB patients also differed from patients undergoing gastric banding because activation in brain reward areas was only reduced in the former compared with body weight-matched unoperated controls (122) . In the latter study, the observed differences in reward activation appeared to be associated with elevations of GLP-1 and PYY; such an association was, however, questioned by Ochner et al. (100) because they observed major differences in the activation pattern of reward areas in fasted but not in patients postprandially, i.e., when major RYGB-induced elevations in GLP-1 and PYY occur (100). Overall, a decrease in the reward value of food may be partly responsible for the decrease in eating after RYGB, and, in particular, for the decrease in calorically dense high-fat and sweet food items.
Several studies investigated directly whether RYGB reduces eating, in general, and the preference for high-fat and sweet food, in particular, by a reduction in the reward value of these food items. Miras et al. (89) recently tested the willingness of RYGB patients before and after surgery to "work" for sweet and fatty candies in a so-called progressive ratio test (89) ; individuals had to produce increasing numbers of mouse clicks on a computer to obtain the candy reward, and the results were then compared with normal-weight controls. Interestingly, RYGB patients were much less willing to work for the reward after the operation, and this reduction appeared to be more pronounced in patients with a bigger body mass index loss. The mouse clicking for a nonfat, nonsweet vegetable candy was not affected. In other words, the reward value after RYGB was reduced selectively for the sweet and fat reward (89) .
Only a few studies are available that tested potential mechanisms underlying the RYGB-induced decrease in the foodassociated reward, and these studies are not conclusive. On the basis of findings that dopamine signaling plays an important role in reward pathways, Steele et al. (139) used the positron emission tomography technology in RYGB patients to determine dopamine binding in brain reward areas. They found that the expression of the dopamine D2 receptor seems to increase after gastric bypass, and they interpreted their findings that the overstimulation of the reward system in obese individuals may have led to a D2 receptor downregulation; this effect may then be normalized after RYGB (139) . It is important to note that the interpretation of such data is inherently difficult, but one may postulate that these findings indicate that less food is necessary to produce comparable levels of reward after RYGB, so that the amount of food eaten is decreased. On the other hand, Dunn et al. (38) found a decrease in D2 receptormediated binding; their interpretation is that extracellular dopamine signaling after RYGB may have led to a downregulation of the D2 receptors; however, local dopamine release has not yet been studied under such conditions.
Potential Physiological Mechanisms of Roux-en-Y Gastric Bypass
Introduction. The physiological mechanisms underlying the effects of RYGB surgery are currently the subject of intensive research. Changes induced by RYGB are manifold, and it still needs to be determined which of these changes are causally and functionally relevant for the observed RYGB effects. It is, therefore, of critical importance to go beyond the demonstration of an association alone between observed effects and physiological RYGB-induced alterations.
One important avenue of research is the investigation of alterations in the synthesis and secretion of factors that may have a hormonal action. This is plausible for purely practical reasons, because it is relatively easy to study changes in concentrations of a large number of blood-borne factors after RYGB and compare their levels with appropriate control groups. Further, for at least some of these factors, their action can easily be manipulated either by enhancing their action with agonists or by blocking their action e.g., with specific antagonists or using transgenic animals that lack a receptor for that specific factor.
The idea that blood-borne factors may play an important role for post-RYGB physiology is primarily based on seminal experiments by Atkinson and Brent (7), who showed that the injection of plasma collected postprandially from rats with an intestinal bypass reduced eating in intact, recipient rats compared with intact rats receiving postprandial plasma from sham-operated controls (7). This effect was absent when plasma from fasted bypass or sham-operated animals was injected into recipient rats. Hence, it appears that the circulating blood from bypass animals contains some factors that play an important role for the changes in eating behavior after RYGB surgery (7) . Of course, it is theoretically equally possible that a factor that would normally be present is missing in the blood after RYGB, hence producing some sort of disinhibition.
So far, research has mainly concentrated on elevated concentrations of gut hormones and bile acids after RYGB surgery in rats and humans. Indeed, there is some evidence that gastrointestinal hormones may play a causal role for some clinical effects of RYGB. For example, somatostatin analogs which block the release of gastrointestinal hormones have been shown to increase eating in RYGB patients (70, 73) and RYGB-operated rats (41) compared with respective controls (i.e., gastric banding patients and sham-operated rats, respectively). It has to be noted, however, that somatostatin treatment is obviously very unspecific, as it blocks also many other physiological functions, including motor effects. Furthermore, long-term effects (which may result in a blunted decrease in body weight after RYGB) have not been tested yet. A second indirect line of support for a potentially causal role of gastrointestinal hormones comes from studies demonstrating that RYGB patients with greater weight loss had higher GLP-1 and PYY levels than patients who lost a lesser amount of weight [good vs. poor responders; see (35, 73) ].
It needs to be mentioned that at least in some studies, and perhaps more consistently in rodent RYGB models than in RYGB patients, gut hormone levels are not only increased postprandially, but at least, in some cases, also in the fasted state. At present, the relevance of increased fasted gut hormone levels are unknown, and it remains unclear whether increased fasted levels may contribute to a reduced feelings of hunger in RYGB patients (13) .
Gastrointestinal Hormones
The gut-brain axis is a major component for the control of eating and depends largely on the release of gastrointestinal hormones that have either an orexigenic or anorexigenic action (96) . Hence, decreased release of orexigenic and increased release of anorexigenic hormones after RYGB provides a plausible explanation for RYGB's effects on eating and body weight. In fact, one of the most consistent findings in RYGB patients and animal models and the most frequently proposed mechanisms contributing to reduced eating and body weight after RYGB surgery is the increased secretion of gut hormones, in particular, the L-cell products GLP-1 and PYY, but also amylin and CCK. It needs to be stressed, however, that the majority of correlative data contrasts the few data showing causality.
A decrease in the release of the only known peripheral orexigenic hormone ghrelin has been discussed as an underlying cause for reduced eating after RYGB, but even correlative data are not clear (29, 59 ). Typically, ghrelin levels increase during fasting and decrease after food intake (72). Some but not all studies reported that the rise in ghrelin levels that can usually be observed after diet-induced weight loss is absent after RYGB (29, 59) . It is, however, unclear whether the observed changes in ghrelin concentrations are physiologically relevant modulators of eating. Further, it has been shown recently that the VSG procedure, which seems to produce similar hormonal changes as RYGB (108), results in similar weight loss in ghrelin-deficient vs. respective control mice (25) . However, comparable data from RYGB models are not available.
Data are more consistent for increased levels of anorexigenic gastrointestinal hormones after RYGB. CCK was the first gastrointestinal hormone shown to contribute to the physiological control of eating, in general, and of meal size, in particular (11, 68) . Recent data have shown that postprandial CCK levels are higher after RYGB than in respective controls (35, 62) . Similar data have been reported for patients undergoing a jejunoileal bypass operation, which typically shows similar hormonal changes than RYGB (97) . Interestingly, however, one study reported that the highest postprandial CCK concentrations were observed in RYGB patients that had a relatively poor response to the surgery (35) . The causal contribution of elevated CCK release to reduced eating (and eventually reduced body weight gain) after RYGB is not clear; while the CCK antagonist devazepide increased eating in a female rat model of RYGB, devazepide's effect was similar in shamoperated control animals (5). Hence, the blockade of CCK alone does not seem to reveal a stronger role of CCK in the control of eating in RYGB vs. control animals.
More data are available for the two L-cell derived hormones GLP-1 and PYY, and basically all studies-at least those that we are aware of-reported higher postprandial levels of GLP-1 and PYY after RYGB (e.g., 41, 66, 70, 72, 73, 133) ; many papers also reported elevated baseline levels of these hormones, at least in rat models of RYGB [reviewed in e.g., (90) ]. Circulating GLP-1 and PYY are mainly released by the enteroendocrine L cells, which make direct contact with the gut lumen and which are, therefore, believed to sense the arrival and passage of nutrients along the gastrointestinal tract (30, 34) . Nonetheless, the exact mechanisms that are responsible for the increase in postprandial GLP-1 and PYY are still hypothetical; even more so, this is true for elevated baseline levels.
A plausible explanation for the increase in postprandial L-cell secretion is the exposure of the gut lumen to higher concentrations of undigested nutrients. This has usually been thought to be mainly due to an effect in more distal parts of the small intestine, which have a higher density of L-cells embedded in the mucosa (87) . It is, however, important to note that the absolute number of L-cells is far higher in the proximal small intestine compared with the distal small intestine (53) , indicating that such an effect on L-cells could also be due to the exposure of the Roux limb to nutrients entering this limb immediately after ingestion (35) . Of note, experiments testing the causal role of such effects for the exaggerated L-cell response are still pending. Further, L-cell secretions can also be triggered by the parasympathetic nervous system (113) . It is however, unknown whether this effect is altered after RYGB compared with control patients or sham-operated animals, respectively. One very popular explanation for increased L-cell secretions is the enhanced stimulation of L-cells by bile acids (3, 58, 147) . Please see Bile Acids for details.
A remarkable feature of RYGB-operated rats is a marked hypertrophy and hyperplasia of the gut mucosa in the alimentary (Roux) limb and common channel (19, 71) . This general hypertrophy is paralleled by a proportional increase in the absolute number of L-cells. In other words, the absolute L-cell number is increased, while the regional density remains unaltered compared with sham-operated control animals (53, 95, 116) . It is plausible that this hypertrophy contributes to an exaggerated GLP-1 response after RYGB, at least at later time points. However, elevated gut hormones can already be observed within a few days after surgery (73), i.e., at a time when this hypertrophic response presumably is still negligible so that it can hardly explain the very rapid increase in L-cell secretions immediately after RYGB surgery.
There is also evidence that the basal and postprandial concentrations of the pancreatic ␤-cell hormone amylin are elevated after RYGB (133) . Amylin is cosynthesized and coreleased with insulin in response to eating. Amylin's satiating action depends on direct activation of brain centers like the area postrema (77, 78, 86) and perhaps the ventral tegmental area (76, 80) . Amylin has been shown to enhance the eating inhibitory effect of other satiating hormones like CCK (76, 80) . Hence, it is plausible that higher amylin levels may also contribute to reduce eating after RYGB, but its causal role has not been tested yet. Similar to GLP-1 and PYY, it is also unclear how RYGB increases basal and postprandial amylin secretion in rats. It seems unlikely that a direct effect of glucose (or other carbohydrate metabolites) at the pancreatic ␤-cell plays a role because glucose concentrations are either unchanged or rather decreased (in diabetic individuals) after RYGB (120, 121) . One possible option might be that increased amylin levels are caused by a stimulating effect of GLP-1 on ␤-cell secretion, but this has so far not been tested after RYGB.
Causal Role of Gastrointestinal Hormones in RYGB's Effects
The single or combined action of satiating hormones such as CCK, GLP-1, PYY and amylin provides a plausible explanation for the decrease in meal size observed after RYGB (69, 132, 133) . Further, as mentioned above, RYGB patients clustered into a group of "good responders" had a significantly higher postprandial GLP-1 and PYY response than "poor responders" (35, 73) . However, similar to the uncertainty of how exactly RYGB leads to elevated postprandial and basal concentrations of these hormones, the causal role of these elevations for reduced eating and eventually body weight after RYGB is far from clear. Of course, because RYGB changes the secretion patterns of a multitude of factors (many of which may still be unknown), it seems evident that the manipulation of one single factor may not be able reveal the complete mechanism(s) underlying the effects of RYGB surgery. In other words, the physiological post-RYGB system may be redundant enough that the blockade of single factors may not be sufficient to abolish RYGB or VSG-induced effects. Some experiments briefly mentioned above are consistent with the general idea of an important role of increased gut hormone secretion after RYGB because the blockade of gut hormone release with somatostatin analogs increased eating in RYGB patients or rats, respectively (41, 73) .
So far, most efforts that tried to establish a relevant role for single factors in RYGB-mediated effects failed. Not surprisingly, most efforts concentrated on GLP-1, but blockade of GLP-1 signaling in GLP-1 receptor knockout mice or intraventricular administration of the GLP-1 antagonist exendin-9 in rats was unable to demonstrate a specific single role of GLP-1 for RYGB-mediated effects on eating, energy expenditure, or body weight (2, 155) . In a recent study, GLP-1 receptor knockout mice appeared to respond to RYGB surgery because their body weight loss, reduction in fat mass, decrease in food intake, and alteration in fat preference was similar to wild-type control mice (155) . Hence, these results correspond to earlier findings in GLP-1 receptor knockout mice undergoing VSG, which also responded similarly to sham-operated controls (154) . Further, chronic intraventricularly administered exendin-9 blunted the effect of RYGB on body weight, but shamoperated animals receiving similar treatment also increased body weight compared with vehicle-treated control animals to at least the same extent (155) . We were also unable to detect a more prominent role of GLP-1 receptor blockade for the control of eating or energy expenditure in RYGB than in sham-operated rats in our studies (2, 5) . Hence, while GLP-1's effects can clearly be observed to be functional in RYGB animals, there is little evidence so far that the enhanced release and action of GLP-1 alone can explain differences in eating and body weight between RYGB and sham-operated control animals. It is important to note, however, that several studies indicate that the enhanced GLP-1 release is, at least in part, responsible for the improved glucose metabolism after RYGB (e.g., 63, 126) .
Similar to GLP-1, the selective blockade of CCK receptors with a specific CCK-1 receptor antagonist or of PYY receptors with a PYY-2 receptor antagonist, respectively, did not increase eating more in RYGB than in control rats (5, 155) . The latter contrasts with a study in mice undergoing gastrointestinal bypass in which sham-operated, but not PYY knockout, mice showed a reduction in body weight compared with vehicletreated controls (28) . The reason for the apparent discrepancy between the latter two studies is unknown; whether it may be related to the surgical or experimental procedure or the early time point after surgery when the PYY knockout animals were tested, remains to be studied.
Bile Acids
Circulating bile acid (BA) concentrations are reduced in obese compared with lean individuals, and RYGB has been reported to normalize the blunted postprandial bile acid excursions (4). Hormonal effects of circulating BA have been a matter of intense study in recent years because apart from their role as major detergents involved in fat digestion, bile acids act through a variety of receptors, including the FXR and the TGR5, to influence nutrient metabolism and energy expenditure. Next to the gut hormones GLP-1 and PYY, elevated concentrations of BA are the most commonly named (potential) mechanism for RYGB-mediated effects on nutrient and energy metabolism (e.g., Refs. 109 -111, 141) .
RYGB normalizes the blunted postprandial bile acid excursions in patients (4) . Interestingly, while the portal vein concentrations of BA increase massively after a meal in normal rats, systemic BA levels seem to be unaltered and do not increase above fasting levels. After RYGB, however, systemic BA levels also increase massively and may, therefore, be responsible for some RYGBinduced effects (unpublished data).
Increased bile acids may also explain the increased secretion of GLP-1 and PYY after RYGB. However, an effect on L-cell secretion actually requires higher bile acid concentrations in the intestinal lumen because the pertinent bile acid receptor TGR5 that mediates increased L-cell secretions is located in the luminal membrane of L-cells (37) . Published data are scarce, but our preliminary data show that the concentration of total bile acids in the common channel of RYGB rats was almost twice as high as that in the terminal ileum of control animals. Nonetheless, the causal contribution of bile acids to increased L-cell secretion after RYGB has not yet been tested; unfortunately, specific antagonists of TGR5 are not available, and to our knowledge, respective experiments with RYGBoperated TGR5 knockout mice have not been performed yet. Further, experiments using sequesters of bile acids to reduce BA-induced GLP1 release may not be helpful to define a causal link between BA and GLP-1 secretions post-RYGB because secondary effects of the sequesters may actually lead to increased rather than decreased GLP-1 release (127) . In other words, the direct link between elevated (gut) levels of bile acids and increased L-hormone secretion after RYGB remains unclear. Further, a recent study indicated that it seems unlikely that bile acids are responsible for the early increase of GLP-1 and PYY post-RYGB (141) .
Through an FXR-mediated pathway in the intestine, BAs have been found to stimulate the postprandial release of FGF19, a protein that regulates glucose disposal and lipid homeostasis, and acts through FGFR4 to modulate BA synthesis in the liver (119) . Further, as mentioned above, BAs may directly stimulate the release of GLP-1 from enteroendocrine cells via the TGR5 receptor. However, the sites of action of BAs likely extend beyond the intestine. BAs increase energy expenditure (EE) in skeletal muscle and in brown adipose tissue (BAT) (151) . The same holds true for postprandial thermogenesis, in particular; because BAT functions in the thermic effect of feeding and because postprandial levels of circulating BAs are strongly correlated with postprandial EE in lean individuals (102) , it seems plausible that elevated BAs post-RYGB contribute to the increased postprandial EE.
It is important to mention that the direct causal role of elevated BAs in the effects of RYGB on energy expenditure has not yet been tested. Alterations in BA levels in rodent models of bariatric surgery generally parallel the findings in humans, and a recent elegant study in VSG-operated mice indicated that BA signaling via the FXR may be a necessary component in many VSG-induced effects (e.g., effects on body weight, glucose tolerance, etc.) (115) . However, similar studies have not yet been performed after RYGB.
Gut Microbiota
Numerous studies in recent years indicated that metabolic processes induced and orchestrated by the gut microbiome play an important role in whole body metabolism in health and disease. Transplantation studies in humans and experimental animals also indicated that changes in the gut microbiome are not only bystanders in metabolic alterations in disease but that they may actually play a causal role. Just to give one example, it has been shown that the transfer of gut microbiota from obese rodents to germ-free animals leads to an increase in eating and body weight compared with germ-free animals receiving microbiota from lean animals (reviewed in Ref. 33) .
In respect to bariatric surgery, the changes in the gut microbiota seem to directly contribute to reduced body weight and adiposity after RYGB (75) , and in humans, variations of gut microbiota after RYGB were associated with changes in the expression of various genes in white adipose tissue, indicating a direct link between these two processes (65) .
Findings that RYGB affects the gut microbiota composition, that it reverses the microbiota from an obese to a lean phenotype and that the changes may be specific to the various limbs post-gastric bypass have been reported repeatedly. We recently showed that the RYGB-induced changes in the microbiota of the alimentary limb and the common channel are similar to changes seen after weight loss by dieting (104) . Further, alterations in the gut microbiota after RYGB seem to be similar in various species, including humans, rats, and mice (45, 74, 75) , and they seem to be independent of the weight change or caloric restriction per se. It was also reported that the transfer of the gut microbiota from RYGB-treated mice to nonoperated, germ-free mice resulted in weight loss and decreased fat mass in the recipient animals relative to recipients of microbiota from animals undergoing sham surgery (75) . Hence, the changes in the gut microbiota seem to directly contribute to reduced body weight and adiposity after RYGB (75) .
Overall, changes in gut microbiota may be directly associated with the altered control of energy balance post-bypass, and the postsurgical modulation of gut microbiota may significantly contribute to the beneficial metabolic effects of RYGB surgery. The exact underlying mechanisms are a field of intensive research; open questions are e.g., how altered gut microbiota may influence energy expenditure and whether such changes can actually be assessed by the commonly used technique of indirect calorimetry; which microbiota-derived metabolites may contribute to altered secretions of gut hormones; which bile acid metabolites may derive from microbial metabolism; and how these metabolites may affect host metabolism.
CNS Eating and Body Weight Controls after RYGB
The hindbrain with the area postrema (AP), the nucleus of the solitary tract (NTS), the lateral parabrachial nucleus (PBN), and the hypothalamus play crucial roles in the control of eating (123) . Within the hypothalamus, the balance between the activities of NPY-POMC neuronal circuits is critical for the maintenance of body weight (68, 123) . It is clear that the peripheral signals that induce the changes in eating behavior and energy expenditure after RYGB need to be transmitted to the brain. This may occur either via vagal or nonvagal afferent nerve signaling or directly via the blood circulation (12) .
Remarkably little is known about specific effects of RYGB (or other bariatric surgery procedures) on the brain centers that are involved in eating control. Most of the recent animal studies and some studies in humans have examined the role of the melanocortin system, which seems to be central to many peripheral and brain-derived stimuli that control eating and body weight (55, 92, 93, 157) . In humans, the sufficiency of one functional MC4r gene for effective RYGB outcome was indicated in some studies, including RYGB or VSG-operated humans (157) . However, the important role of the melanocortin system was supported by findings in humans with a specific variant of the MC4 gene [MC4r(I251L)], which is associated with a better metabolic status; in fact, carriers of this variant had improved surgery outcome (92, 157) .
Published data in rodent RYGB or VSG models seem to indicate marked species differences. While homozygous and heterozygous melanocortin-4 receptor (MC4r) knockout rats appeared to be fully responsive to weight-reducing VSG surgery (93) , homozygous MC4r knockout mice lost less weight after RYGB than heterozygous knockout or wildtype mice (55) .
The specific role of the MC4r in cholinergic preganglionic neurons of the parasympathetic and the sympathetic system after RYGB was recently further investigated in an animal model of diet-induced obesity mice. In these mice, the RYGBinduced body weight loss was mainly due to an increase in energy expenditure. The mice also had improved insulin sensitivity mainly in the liver, but not skeletal muscle or adipose tissue. Most of these effects were absent in MC4r knockout mice, but similar to the study described above with complete MC4r knockouts (55), one functional allele was sufficient to rescue the effect of RYGB; this study clearly shows that functional MC4 receptors are required for the full effects of RYGB on energy expenditure, body weight, and glucose metabolism in mice (55) . This study also shed some light on the potential sites of MC4 signaling that are widely distributed throughout the brain. Interestingly, the genetic reintroduction of the MC4r in key autonomic neurons in the brain stem, including the cholinergic preganglionic motor neurons of the dorsal motor nucleus of the vagus, reinstated the effect of RYGB on insulin sensitivity, but not on body weight or obesity; in the latter respect, the mice behaved like (full) MC4r knockouts. In contrast, the reintroduction of the MC4r in cholinergic preganglionic neurons of both the parasympathetic and the sympathetic system reinstated the RYGB effect on eating, body weight, and adiposity; in this case, the improved insulin sensitivity was only secondary to weight loss (157) . Hence, different populations of MC4rs seem to be critical for the mediation of specific aspects of RYGB surgery.
A recent study has shown that the eating inhibitory effect and subsequent body weight loss after RYGB seem to depend, at least in part, on vagal transmission because both effects were more pronounced when part of the subdiaphragmatic vagal innervation (specifically the paraesophageal neurovascular bundle) was preserved during RYGB surgery (18) ; the critical nerves may come directly from the intestines because a lesion of the specific vagal innervation of the portal vein and liver had no effect on the RYGB outcome (130) . Further, the decreased excitability of vagal efferent neurons in the dorsal motor nucleus of the vagus that resulted from diet-induced obesity could be reversed by RYGB in rats (14) ; this was accompanied by an improved response of these neurons to CCK and GLP-1. Yet, other recent studies have indicated that at least for the short term, vagal dissection may actually increase the effects of RYGB on body weight (54, 150) ; it needs to be stressed, however, that animals with a complete lack of gastrointestinal vagal innervation often are seriously compromised in the early postoperative period so that unspecific effects, also in control animals, early after surgery cannot be excluded. Nonetheless, given the somewhat contradictory findings about the role of the vagus in RYGB, it will be important to study the specific role of other vagal fibers in more detail.
Changes in Gut Morphology after RYGB
The RYGB procedure is associated with typical changes in morphology of the intestinal mucosa (19, 71) . This has most consistently been described in RYGB rats, and the phenomenon seems to be less marked in RYGB mice (125) . In rats, the total length of the small intestine remains unaltered, but a marked increase in wet weight of the small intestine indicates segmental hypertrophy after RYGB. Specifically, muscular and mucosal layers were significantly thicker in the alimentary (Roux) limb after RYGB compared with anatomically corresponding intestinal segments in sham-operated controls; both mucosal crypt depth and villi height increased (19, 71) . Depending on the dimensions of the various limbs after RYGB, similar changes may also be observed in the common channel of some RYGB models, but not in the biliopancreatic limb (53, 95) .
The underlying mechanisms leading to hypertrophy of the intestinal mucosa, including muscle layers, remain unknown. Mechanical or chemical factors, or a combination of both, may be involved. It is however, intriguing that a hypertrophic response can only be found in intestinal segments exposed to ingested food (53, 95) . One possible explanation is linked to an increased release of GLP-2 from intestinal L-cells [(53, 71) ; see also below], facilitating intestinal hypertrophy in conjunction with intraluminal factors, such as stimulation by nutrients. Overall, it may be postulated that hypertrophy of certain intestinal segments in RYGB animals represents an adaptive response to optimize nutrient digestion and absorption under conditions in which nutrients and digestive juices from the pancreas and liver mix more distally than under physiological conditions. Similar responses can be seen in experiments in which segments of the small intestine have been surgically removed (36, 60) .
Because of the potential importance of gut hormones for the beneficial effects of RYGB and other types of bariatric surgery, several groups also investigated whether RYGB modifies the distribution or density of enteroendocrine cells in the gastrointestinal tract (53, 95) . Consistent with the general hypertrophy of the intestinal mucosa, there are clear indications for an adaptive increase in the number of endocrine cells. This translates into an increase in the absolute number of L-cells releasing GLP-1, GLP-2, and PYY, and of CCK-immunoreactive cells. While major effects were seen in the alimentary limb and the common channel, no changes were observed in the biliopancreatic limb. Interestingly, however, the regional density of enteroendocrine cells remained unaltered (53, 95) .
When testing the specific expression of preproglucagon (for GLP-1) and PYY in the intestinal segments, the mRNA expression per cell was only increased in the common channel, but not in the alimentary limb (53); hence, it seems that both the (general) stimulus that leads to intestinal hypertrophy (perhaps induced by increased GLP-2 secretions) and the presence of nutrients plus bile acids and gastric or pancreatic juices may be necessary to increase gastrointestinal hormone production at the level of individual cells. Overall, the data clearly indicate that the hormonal secretory capacity of the small intestine increases after RYGB (53) .
Digestibility and Nutrient Absorption after RYGB
The reduction in caloric intake and a (relative) increase in energy expenditure play important roles for the weight loss after RYGB. However, another factor that needs to be considered for the animals' whole body energy balance is the efficiency of the animal to use the ingested nutrients for conversion into body tissue or for energy production. In other words, it is important to consider the potential loss of ingested nutrients via the feces due to malabsorption (other sources of energy loss like fermentation gases have not been studied). At least when RYGB rats are fed standard-chow diets, digestion and absorption of nutrients seem to be almost equivalent to shamoperated animals, and fecal energy loss does not seem to be higher in RYGB rats (19) . Thus, even though the gastrointestinal anatomy is significantly rearranged after RYGB and even though the stomach, duodenum, and proximal jejunum are excluded from the flow of ingested food (and, hence, the ability to absorb digested nutrients), it seems that the total digestive and absorptive capacity of the intestines still suffices to avoid maldigestion and subsequent caloric malabsorption under many dietary conditions. This may at least partly be due to the massive hypertrophy of the small bowel that is observed predominantly in those gut segments that are still in contact with nutrients [i.e., alimentary (Roux) limb and common channel; see Fig. 1] (19, 53, 71, 95) .
Under conditions of high-fat feeding, macronutrient maldigestion and malabsorption may, at least in part, contribute to the negative energy balance of RYGB compared with shamoperated rats (21, 143) ; in other words, caloric malabsorption may contribute to the RYGB-induced body weight loss if animals are maintained on a high-fat diet (21, 132, 143) . In rats operated in our own laboratory, temporary malabsorption was also occasionally observed under conditions of high-fat feeding (e.g., 60% fat by calories), but the contribution to body weight loss seemed to be minor. A recent study by Canales et al. (21) also indicated that fat malabsorption may be a direct consequence of RYGB surgery (21) . In that study, it was, however, surprising that the relative fat absorption appeared to be higher when the rats were fed a 40% fat diet compared with a 10% fat diet; given that a limited capacity to absorb dietary fat in RYGB rats may have led to a ceiling effect for absolute fat transport capacity, we would have expected rather the opposite when fat absorption was expressed as percent absorption.
Metabolic effects. Bariatric surgery has entered a new era some years ago when it became clear that weight loss surgery, and, in particular, RYGB, not only reduces the obesity burden but that it is also leads to a significant reduction in obesityassociated comorbidities; many of these "secondary" effects were observed early after surgery, hence, at a time when the RYGB-induced body weight loss was still negligible.
The term "bariatric surgery" has, therefore, occasionally been substituted by "metabolic surgery" to acknowledge the fact that these surgical procedures do not merely reduce weight, but ameliorate the deleterious metabolic burden of T2DM; in many instances, even prior to significant weight loss (91) . Recent studies also have indicated that bariatric surgery offers additional benefits over intensive medical therapy, e.g., in terms of glucose control in diabetics (88, 120, 121) . In addition, the improvement of many metabolic disturbances by weight loss surgery is also reflected in the fact that the guidelines for financial compensation for bariatric interventions differ between obese patients with or without metabolic comorbidities. This review will not go into details of the major metabolic effects of RYGB because some excellent articles have been published recently (10, 46, 81, 88, 120, 121, 149) . However, a recent study reported that pair-feeding in obese patients produced beneficial effects on glycemic control similar to those seen in patients after RYGB. The authors concluded that on the basis of their data, a very low-calorie diet improves insulin sensitivity and ␤-cell function just as well as RYGB, at least in the short term (61) .
Micronutrient Status After RYGB and RYGB Effects on Bone Metabolism
Micronutrients include the essential minerals, trace elements, and vitamins. Knowledge about the direct consequences of RYGB on the micronutrient status is relatively scarce. A recent review summarized the current recommendations for micronutrient supplementation after RYGB (9); for many of the micronutrients, sound scientific evidence underlying these recommendations is missing and may depend more on anecdotal reports than empirical studies. One matter of concern in RYGB patients is their iron status. Physiologically, most iron is absorbed in the upper part of the small intestine where the intraluminal pH is relatively low; however, this segment of the small intestine is now excluded from contact with ingested food. It has been reported that up to 50% of RYGB patients may develop iron-deficient anemia if iron is not substituted appropriately (82) .
Here, on the basis of our own studies, we briefly summarize two examples of essential minerals (calcium) and vitamins (vitamin D) in respect to their bioavailability after RYGB. These two micronutrients have been in the focus of recent RYGB research because of the concern about the potential negative side effects of weight loss surgery on changes in bone metabolism (1, 142) . RYGB has repeatedly been reported to lead to a marked decrease in bone mineral density (BMD) (156) . Long-term data are still scarce, but the effect of RYGB surgery to reduce BMD may persist beyond the first postsurgical year. Various explanations have been brought forward to explain RYGB-induced bone loss, but only few studies have been performed under well-controlled conditions. Explanations include, e.g., malabsorption of vitamin D leading to vitamin D deficiency, impaired intestinal calcium absorption, and secondary hyperparathyroidism leading to increased bone breakdown. Vitamin D supplementation has often been recommended after RYGB; however, well-controlled studies to justify vitamin D supplementation are missing (9) . Importantly, BMD seems to decrease after RYGB surgery, despite vitamin D supplementation, and obesity per se is generally also associated with low vitamin D levels (39) . Recently, we and others, therefore, addressed the potential mechanisms underlying RYGB-induced bone loss in more detail and under well-controlled conditions (1, 142) . In our study (1), we compared a number of bone metabolism-related parameters between RYGB-operated rats, sham-operated ad libitum-fed rats, and sham-operated rats that were body weight-matched to the RYGB animals. In another study (142) , sham-operated rats were compared with RYGB rats and VSG rats whose body weight and lean/fat mass distribution was similar to the RYGB rats. Both studies reported a marked bone loss with a reduction in BMD after RYGB; both studies also suggested that the effects were body weight independent because neither sham-operated body weight-matched (1), nor VSG rats (142) , showed a decreased BMD. It seems, therefore, possible that the loss in BMD is mainly due to potentially secondary alterations in metabolism and not primary malabsorption of calcium or vitamin D. Secondary hyperparathyroidism did not seem to be involved in postoperative bone loss, and while 25(OH)D was reduced in both studies after RYGB, reduced serum calcium was not consistently observed (1, 142) . Interestingly, we found that active 1,25(OH) 2 D was actually much higher in RYGB rats, probably due to an upregulation of 1,25(OH) 2 D synthesis (1). This may explain why calcium malabsorption was only a temporary phenomenon and may contribute to bone loss only initially. However, continued urinary losses of calcium and phosphorus and systemic metabolic acidosis may be the critical factors that contribute to sustained bone loss and insufficient normalization of bone metabolism once calcium malabsorption resolves (1); whether the latter is due to an increased calcium resorptive capacity resulting in the hypertrophic Roux limb is not clear.
Summary
The high prevalence of obesity and its associated comorbidities poses an enormous stress on public health systems. Currently, the most effective treatment options are various bariatric surgery procedures, including its gold standard, the Roux-en-Y gastric bypass. These procedures are invasive, but their effect to reduce body weight and to diminish the occurrence and severity of obesity-related comorbidities largely outweighs any other treatment option. Rat and mouse models of RYGB procedures were instrumental in studying the mechanisms that may underlie the beneficial effects of RYGB. The data clearly indicate that the change in gut anatomy leads to a profound change in the gastrointestinal and whole body physiology. Circulating factors seem to be of primary importance for many RYGB-induced effects, but there may also be a specific role of the nervous system, in particular, the autonomic nervous system. It is always important to realize, however, that the multitude of experiments studying association contrasts with the relative paucity of experiments studying causation. Nonetheless, huge efforts have been undertaken in recent years to understand at least part of the mechanisms mediating RYGB's effects directly or indirectly. It is surprising that only very few studies addressed specific effects of RYGB on the central pathways controlling eating, body weight, and adiposity. Among others, this is a largely unexplored area of research despite all of these efforts.
Outlook
Despite recent progress in understanding post-RYGB physiology, we are still far away from the idea of replacing surgery by nonsurgical means. Obviously, this would be an attractive research goal, as RYGB and most other bariatric surgery procedures are usually considered irreversible and as with any surgical intervention, there is always a risk of intraoperative or postoperative complications. However, RYGB seems to change too many factors in gut and whole body physiology that hamper mimicking the most important of these effects e.g., by pharmacological means soon. It further seems unlikely that the manifold changes after RYGB can be only explained by the manipulation of few targetable mechanisms. Moreover, factors that are altered after RYGB may have beneficial and negative effects at the same time. For example, GLP-1 seems to be a major driver in the overall improvement of glucose metabolism post-RYGB (24) , but also plays a role in the high occurrence of hypoglycemic episodes in RYGB patients (118) .
Therefore, we need to know much more about the underlying mechanisms of RYGB operations. This is even more important as RYGB operations are increasingly performed in patients with only moderate degrees of obesity, but severe and difficult-to-control metabolic disorders, as well as in adolescents without knowing the long-term consequences in these individuals. Finally, known negative side effects of RYGB [e.g., effects on bone metabolism, increased risk for drug abuse (112) ] require intensive research efforts in the future.
